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Abstract
Biomass pyrolysis is a method of green fuel production, but the process is still
unrefined and has a need for further optimization and process exploration. Since the
process has many variables, it is important to try and identify and optimize variables
which have a large impact on the process and the products.
The first portion of investigation was the steam reforming of the pyrolytic chars
from different biomasses to produce a hydrogen-rich gas. Since there is a need to
remove the char from the bed (fluidization disruption, reduction in bio-oil yields) and
there is currently no continuous char removal system in place for fluidized beds, the
biomass feeding is stopped and the char is simply burned at certain intervals. The steam
reforming of the chars provides some insight into the amount of hydrogen able to be
produced in such situations.
The remaining investigation was involving biomass treatments before pyrolysis.
Biomass drying was investigated to see if there is an optimal biomass moisture content
which would maximize bio-oil energy yields and improve characteristics. As well,
biomass torrefaction as a pyrolysis pre-treatment was investigated to determine an
optimal torrefaction temperature which would maximize bio-oil energy yields and
characteristics. For both pre-treatment cases, the grinding energy was also considered,
since both drying and torrefaction pre-treatments reduce the amount of energy required
for com cob grinding.

Keywords: Biomass, Pyrolysis, Bio-oil, Steam Reforming, Drying, Torrefaction,
Grinding
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1
1.1

Chapter 1: Introduction
Biomass
At first glance, biological wastes and residues may not seem to have much value,

however, with the current depleting of our fossil fuel resources, this may not be the case for
much longer. Chaudhari et al. (2001) noted that the gradual depletion of fossil fuel resources
is increasing interest in biomass-derived fuels. Demirbas (2007) defines biomass as any
organic material that is derived from plants, trees, crops and algae. Bridgwater et al. (1999)
define biomass on the molecular level as being a mixture of hemi-cellulose, cellulose, lignin
and minor amounts of other organic compounds. An estimate of the total world production of
biomass as given by Demirbas (2007) is 146 billion metric tonnes per year. This biomass
production implies that there is also a very significant amount of biomass residues and wastes
produced.
Com production in the United States was over 316 million tonnes in 2010
(USDA/NASS, 2010). Using a 15% grain moisture content and a 1:1 ratio of com kernels to
plant residue from Sokhansanj et al. (2002) indicates that around 269 million tonnes of
residue is produced each year. Sohkansanj (2002) also reports that 20% of the residue is com
cobs, implying that there is nearly 54 million tonnes of waste com cobs produced each year
in the United States alone. Since there is an abundance of com cobs available in North
America, com cobs were used in all the studies and were the focus of Chapters 3 and 4.
There are many methods to harness the energy from biomass, however the method
investigated in this work is known as fast pyrolysis. Briens et al. (2008) investigate many
biomass conversion methods: combustion, partial combustion, biogas production, gasification
in supercritical water, bioethanol production, biodiesel production, pyrolysis and syngas
production. They determine that small, local or mobile pyrolyzers may be the best option for
transforming forestry and agricultural residues into a useful and transportable fuel. The goal
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of fast pyrolysis is to produce a liquid fuel oil, similar to conventional fuel oils. Garcia-Perez
et al. (2007) found that when comparing processes that convert lignocelluloses to liquid fuels,
pyrolysis is one of the most thermally efficient processes. The pyrolysis oil is also the lowest
cost biofuel produced today from lignocellulosic materials (Garcia-Perez et al., 2007,
Chiaramonti et al. 2007).
1.2

Pyrolysis
Pyrolysis is an endothermic process which involves the thermochemical decomposition

of organic compounds into gaseous, solid and liquid products in the absence of oxygen
(Bridgwater et al., 1999). Pyrolysis is also a green process; it does not release any net carbon
dioxide into the atmosphere. For example, in the case of com cobs, when com is growing, the
plants absorb carbon dioxide from the atmosphere though photosynthesis. After the com is
harvested, the cobs are simply left in the field. To perform pyrolysis, the cobs would be
collected from the field and converted into a conventional type liquid fuel. When that fuel is
burned, the carbon dioxide that was originally present in the com cobs is returned to the
atmosphere. The solid product from pyrolysis may even be used to sequester carbon
(Winsley, 2007), meaning that pyrolysis would actually be removing greenhouse gases from
the atmosphere. Fan et al. (2011) performed a life cycle assessment and determined that using
pyrolysis oils for electricity reduced overall greenhouse gas emissions by 77-99% compared
to using fossil fuels.
In order to maximize the fast pyrolysis process efficiency Bridgwater et al. (1999)
propose a concept to recycle as much energy as possible. A diagram is shown in Figure 1.1.

3
H E A T F O R D R Y IN G

GAS

Figure 1.1: Conceptual fluid bed fast pyrolysis process (adapted from Bridgwater et al., 1999)
In this case, both the solid product elutriated from the bed and the gaseous products
are combusted to provide the necessary energy for pyrolysis as well as for drying the biomass
before grinding. In such a case the pyrolysis process would be self-sufficient and running
auto-thermally, meaning no extra heat needs to be added to the system in order to continue
operating when the reactor is at steady state.
For reactor selection, Bridgwater & Peacocke (2000) and Bridgwater (2003) give
some important criteria for fast pyrolysis reactor selection:
• There must be very high heat transfer rates
• Finely ground biomass must be used in the reactor
• The temperature must be carefully controlled around 500 °C
• A short vapour residence time must be ensured
Both bubbling fluidized beds and circulating fluidized beds meet most criteria very well
and have good scale-up potential. It is for these reasons that they are the most common
reactors used for fast pyrolysis (Bridgwater & Peacocke, 2000). Since bubbling fluidized
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beds allow for a shorter vapor residence time, a fluidized bed reactor is used for pyrolysis in
this work.
1.2.1

Pyrolysis Products
The gas product mainly consists of hydrogen, carbon dioxide, carbon monoxide and

methane. The gas may also have small amounts of some higher hydrocarbon gases (ethane,
propane). Since this gas is impure, toxic and not a valuable product in its present state, it is
commonly burned to provide heat to the reactor.
The solid pyrolysis product is known as bio-char or simply char. The char is made up
of mainly carbon, with smaller amounts of ash and hydrogen (Paviet et al., 2007). The trace
metals present in the biomass remain in the char product after pyrolysis (Mullen et al., 2010).
In the case of a fluidized bed reactor, the char product remains in the reactor after pyrolysis,
except for the finer char particles that are elutriated. Since the char has different properties
than the fluidization sand (size and density), it disrupts the bed and results in poor
fluidization, poor mixing and poor heat transfer. Also, because of the trace metals in the char,
it acts as a catalyst for bio-oil degradation reactions, significantly reducing the bio-oil yield
(Freel & Graham, 1998). Currently, there is no proper system to continuously remove bio
char from a pyrolysis reactor. The only current method to remove char from large scale
reactors is using char élutriation. However this has not been properly implemented in a
continuous system. Currently, it is common to bum the char in the bed. When the pyrolysis is
stopped, air is injected into the bed and the char combusts simply leaving ash in the bed. The
remaining char ash may either be left in the bed or elutriated.
As an alternative to simply burning the char in the bed, steam reforming of the char is
investigated with the goal of producting a hydrogen-rich product gas in Chapter 2. The
produced hydrogen may be used for ammonia synthesis, hydrogenation, hydrogen fuel cells
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or bio-oil upgrading. Since bio-oil properties can be improved with hydrotreatment
(Bridgwater & Peacocke, 2000), the hydrogen from steam reforming would ideally be used
for on-site bio-oil upgrading.
The pyrolysis liquid phase is known as pyrolysis oil, bio-crude or bio-oil. It is a dark
brown viscous liquid with a typical heating value of around 17 MJ/kg or around 40% of the
heating value of conventional fuel oil. Bio-oil is acidic, with a pH of around 2.5, and has a
very strong odor (Bridgewater & Peacocke, 2000). Fractions of the bio-oils may be used as a
pesticide, food additive and pharmaceutical ingredient with the remainder probably used as
fuel (Briens et al., 2008).
Varying pyrolysis conditions (including reactor temperature, vapor residence time and
biomass feed rate) as well as the feedstock used can give very different bio-oil yields and
properties. The effect of pyrolysis conditions has been reported by Xu et al. (2009),
Bridgwater & Peacocke (2000) and Zhang et al. (2010) among others.
1.3

Char Steam Reforming
The current method of syngas production involves the steam reforming of methane

from natural gas using the following reaction.

CH4 + Hz 0 «-» CO + 3HZ — 206k j/m o l

(Methane steam reforming)

This reaction can be extended and rebalanced for other higher gases like propane and
even other organic compounds like biomass. However, since the focus of this work is on
pyrolysis, direct biomass gasification will not be considered. Depending on the H2/CO ratio
this gas may be used in the Fischer-Tropsch process. The hydrogen content of the steam
reforming gases may be increased further when necessary for processes such as ammonia
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synthesis. In such a case, the steam reforming of methane is then followed by the water-gas
shift reaction in a low temperature reactor since the reaction is exothermic. 95% of the
hydrogen produced in the United States is obtained with the methane steam reforming and
water-gas shift reaction pathway (U.S. D.O.E., 2011). The water-gas shift reaction converts
any produced carbon monoxide to hydrogen and carbon dioxide, after which the carbon
dioxide is removed.

CO + H20 <-» C02 + H2 + 4 lk J / mol

(Water-gas shift reaction)

This, however, is not the only method of hydrogen production. Since char is mainly
composed of carbon, when it is subjected to steam at high temperatures it is gasified in the
following reaction (Lv et al, 2007).

C + H20

CO + H2 —131 k j/m o l

(Carbon gasification reaction)

The carbon monoxide produced in the carbon gasification may then also react in the
water gas shift reaction to produce gas with high hydrogen purity. Performing the char
gasification and water-gas shift reaction in a single stage reactor at relatively low
temperatures (<700 °C) to produce a hydrogen-rich gas is the focus of Chapter 2.
1.4

Biomass Pre-treatment
There are various treatments that may be applied to biomass before it is subjected to

pyrolysis. Biological pre-treatments have been tested by Zeng et al. (2011) where wheat
straw was subjected to a culture of Phanerochaete chrysosporium and inorganic salts to
increase lignin degradation during pyrolysis. Dobele et al. (2003) used a phosphoric acid
wash as a pretreatment for pyrolysis to increase production of 1,6 - anhydrosaccharides in the
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bio-oil. Many studies use biomass drying as a pre-treatment because it is reported that any
extra water in pyrolysis is collected in the bio-oil. It is believed that this water has more
negative effects (lowering the heating value, worsening combusion characteristics) on the
bio-oil that positive ones (better flow characteristics, lower NOx emissions when combusting)
(Czemik & Bridgwater, 2004). The focus of Chapter 3 is to identify a possible optimal
biomass moisture content of com cobs before pyrolysis when considering water content,
HHV, viscosity, pH and total bio-oil energy yield.
Another possible pre-treatment, which has not been applied to pyrolysis is known as
torréfaction. Torréfaction is low temperature slow pyrolysis carried out at temperatures
ranging from 220 °C to 320 °C (Prins et al., 2006a, b) or from 200 °C to 300 °C (Uslu et al.,
2008). During torréfaction, a low heating value gas is produced. Since the temperatures are
relatively low, the liquid yields are negligible.
Torréfaction reduces the moisture content of the biomass and reduces the equilibrium
moisture content by up to 73% (Felfi et al., 2005). This means that the torrefied biomass will
absorb 73% less moisture than the untreated biomass. This is beneficial when it would be
required to store the biomass outdoors in the elements, as would be the case with electricity
co-generation with coal or electricity generation from biomass combustion.
Torréfaction also increases the specific energy of biomass. Although it is hard to make
generalizations about torréfaction (since characteristics will vary between feedstocks),
Bergman et al. (2005) report that a typical torrefied biomass will have a mass reduction of
around 30% while retaining about 90% of the original biomass energy. Many studies have
been performed which confirm this with various biomasses (Rodrigues & Rousset, 2009;
Almeida et al., 2010; Arias et al., 2008; Bridgeman et al., 2008). The increase in specific
energy by around 20% would in turn reduce any associated transportation costs by the same
percentage since 20% more biomass energy would be transported per given volume.
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Since biomass is generally not acceptable for pyrolysis in its natural state, the biomass
may have to be dried and the size must be reduced by grinding. An added benefit to
torréfaction is that it both dries the biomass and greatly reduces the required biomass
grinding energy. Bergman et al. (2004) give a general guidline saying that grinding energy
for woods may be reduced by 50-85% after torréfaction, depending on the feedstock and
torréfaction conditions. Repellin et al. (2010) found up to a 93% reduction in grinding energy
for beech and spruce wood.
The system in place by the Energy Research Center of the Netherlands (ECN) is shown
below in Figure 1.2.
Utility Fuel

Biomass

Figure 1.2: ECN Torréfaction process (adapted from Bergman et al., 2005)
The process is similar to the ideal pyrolysis process shown by Bridgwater & Peacocke
(2000) in Figure 1.1. In this case, the heat from the combustion of the torréfaction gas and
supplementary fuel is used to dry the biomass keeping fuel costs to a minimum. Ideally, this
concept could be coupled with a similar pyrolysis plant configuration to increase
opportunities for heat recycling and overall process efficiency.
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Using torrefaction as a pyrolysis pre-treatment is the focus of Chapter 4. The low
moisture content coupled along with the increase in biomass energy density after torrefaction
may give some interesting results on the product yields as well as the characteristics of the
bio-oil.
1.5

Research Objectives
This work aims to investigate different process pathways which have the potential to

make pyrolysis a more desirable process for the production of green fuels. In this work, three
different biomass pyrolysis pathways are considered:
• Biomass pyrolysis + bio-char steam reforming
• Biomass drying + pyrolysis
• Biomass torrefaction + pyrolysis
The majority of the investigations used com cobs as the biomass.
The objective of the first study is to provide some value to the char remaining in the
fluidized bed subsequent to pyrolysis. Since the current method of burning the char in the
reactor does not reap much value, the concept of char steam reforming is investigated. It is
hoped that a hydrogen-rich product gas may be produced by the steam reforming of various
biomass chars. Hydrogen, may be a useful product when considering pyrolysis, since it may
be used in the upgrading of bio-oils via hydrotreating.
The objective of the second study is to study the effect of com cob drying as a pre
treatment to pyrolysis. The aim is to determine an optimum initial biomass moisture content
to be fed into the reactor and to determine an optimal pyrolysis temperature to produce highquality bio-oil. The bio-oil analysis will look at the bio-oil energy yields and bio-oil
characteristics such as water content, HHV, pH and viscosity. The reduction in com cob
grinding energy after drying will also be observed.
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The objective of the third study is to explore the concept of com cob torréfaction as a
pre-treatment to pyrolysis. Torréfaction reduces the grinding energy, eliminates moisture and
increases the specific energy of the biomass, and should yield interesting bio-oils. The aim is
to determine an optimum torréfaction temperature and subsequent pyrolysis temperature to
produce high quality bio-oil. The bio-oil energy yields along with water content, HHV, pH
and viscosity will be investigated in the analysis. The reduction in com cob grinding energy
after torréfaction will also be determined.
1.6
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2

Chapter 2: Comparison of gaseous products from the steam reforming of pyrolytic
chars from various biomasses

2.1

Introduction
Biomass pyrolysis processes, such as the mobile pyrolysis unit discussed by Jacobson

et al. (2007), convert wood or agricultural waste into gas, liquid and solid products. The gas
is burned to provide energy for the process. Depending on the original biomass, the liquid
bio-oil may be used as a fuel, chemical intermediate, pesticide, food additive or
pharmaceutical ingredient. The solid bio-char product is combustible and mainly made up of
ash, carbon, oxygen, hydrogen and trace metals. Currently, bio-oil seems to be the main
desired product from pyrolysis because of its potential as a green fuel. Although the bio-char
by-product might be used to produce fertilizer or activated carbon similarly to Li et al.
(2009), another potentially attractive use is the production of hydrogen for fuel cells,
ammonia synthesis, hydrogenation reactions or bio-oil upgrading.
When continuously feeding biomass into a pyrolysis reactor there is a continual char
build up in the bed. The char build up in the bed will not only disrupt the fluidization of the
bed, but it also inhibits bio-oil production (Freel & Graham, 1998). Because of this, it is
important not to have excessive char build-up within the reactor bed, so the process is run in
a semi-continuous fashion. When there is significant char build-up in the reactor, biomass
injection is stopped. At this point, air is injected into the reactor to bum the char, leaving ash
in the bed and significantly increasing the reactor temperature. The remaining ash is less
dense and smaller and may easily be elutriated from the bed. In order to add some value to
the process as a whole, it would be beneficial to investigate how to obtain value from the char
in the reactor instead of simply burning it.
When char is exposed to steam at high temperatures, steam reforming converts it to
gaseous products including hydrogen (H2), carbon monoxide (CO), carbon dioxide (CO2) and
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methane (CH4). The steam to char ratio can be varied to adjust the H2/CO ratio through the
water-gas shift reaction (Equation 2). Yan et al. (2010) obtained a high yield of hydrogen gas
after the steam reforming of cyanobacteria! blooms pyrolytic chars in a fixed bed reactor and
Smolinski (2011) had good hydrogen production with the steam reforming of coal produced
from pyrolysis. There has been success in bio-char steam reforming by Kajita et al. (2010),
Sakaguchi et al. (2010), Liu et al. (2010), Wu et al. (2009), Paviet et al. (2007), HaykiriAcma et al. (2006) and Mermoud et al. (2006). Using steam to increase hydrogen production
is not limited to the steam reforming of bio-chars, since the water gas shift reaction will take
place as long as there are steam and CO present. In the case of cellulose gasification,
Asadullah et al. (2002) found that increasing steam flow rate led to a more hydrogen-rich
product gas due to the water-gas shift reaction. Li et al. (2004) also observed the same results
when gasifying sawdust as Kechagiopoulos et al. (2006) did with the steam reforming of the
aqueous phase of bio-oil. Marquevich et al. (1999, 2001), Gao et al. (2008) and Demirbas
(2006) also found that increasing the steam flow rate increased the hydrogen produced for
gasification of model compounds of pyrolysis oils, vegetable oils, pine sawdust and various
biomasses, respectively.
The objective of this study is to develop a process to produce a hydrogen-rich gas in a
single stage pyrolysis reactor at low temperatures. This work compares the gas composition
and yield from the steam reforming of char produced from pyrolysis of apple pomace, birch
sawdust, coffee husks, com cobs, dried distillers grains, hemp seeds, sugar cane and tobacco
stalks.

2.2

Experimental
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The reactor used was a 7.62cm diameter fluidized bed equipped with a perforated
plate distributor. The fluidized medium was silica sand with a Sauter mean diameter of 204
pm. The bed was fluidized in the bubbling regime at superficial velocity of 0.235 m/s. The
reactor was externally heated with electric band heaters positioned along the length of the
reactor. Fibreglass insulation was used to reduce heat losses from the reactor.
All of the biomasses, except the hemp seeds (which are naturally suitable for slug
feeding) were ground in an IKA Werke model MF10 basic microfine grinder operating at
4500RPM. An elemental analysis was also performed on the biomass with a Flash EA
2000NC elemental analyzer. After grinding, 25g samples of biomass were fed into the dense
phase of the reactor in 1 minute using a slug feeder and pyrolyzed at 550 °C. The slug feeder
is similar to the one described by Berruti et al. (2010). The bio-oil vapors exited the reactor
and were condensed in an aluminum condenser submerged in 4 °C water. The non
condensable gases continued to a vent. The pyrolysis also created char that remained in the
reactor. Once the pyrolysis had finished, the reactor was heated up to 700 °C under a nitrogen
blanket. Once the reactor reached 700 °C, the bed was subsequently fluidized with steam and
maintained at 700 °C to begin steam reforming. The steam was always fed in excess and, at
700 °C, the production of carbon monoxide was always very small, whatever the origin of the
char. This process is therefore attractive to maximize the hydrogen content in the produced
gas. Operating at a low temperature maximizes the production of hydrogen but requires long
reaction times. Since this was a batch process, the steam reforming was continued until gas
production ceased.
For observing the effect of the steam reforming temperature, 25g samples of biomass
(tobacco stalk in specific) were fed into the reactor using a slug feeder and pyrolyzed at 550
°C. Then, instead of heating the reactor to 700 °C, it was heated to 650 °C or 675 °C before
steam was injected.
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Steam for fluidization and reforming was produced via a 3.8 kW electric Lundberg
Blue furnace. Demineralised water was injected into the furnace at a rate of 7.4 g/min by a
double piston pump which gave a flow rate of 10 SLPM of steam through the distributor
plate. Nitrogen was injected into the reactor as an internal standard at a rate of 2.5 SLPM.
The gas flow rate gave a residence time of 8.3 seconds. A schematic diagram of the
experimental setup is shown in Figure 2.1.

Bubbling
Fluidized
Bed

Figure 2.1: Experimental setup for biomass pyrolysis and char steam reforming
During the steam reforming, the gas product was carried from the reactor to a
condenser. The condenser was cooled with iced water to 4 °C to condense excess water
vapour. The gas product then continued to an outdoor vent. At certain time intervals the
product gas, was redirected into large Tediar® gas sampling bags instead of the vent.
Tediar® bags were used to minimize hydrogen diffusion from the bags. Samples were
immediately taken from the bags through a septum and injected into an HP 5890 gas
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chromatograph, equipped with a thermal conductivity detector. The column used in the gas
chromatograph was a Restek micropacked column where the carrier gas was argon. The
feedstocks used were apple pomace, birch sawdust, coffee husks, com cobs, dried distillers
grains, hemp seeds, sugar cane and tobacco stalks.

2.3

Results and Discussion
The char gasification occurs through the following reactions.

C + H20 -* CO + H2 —131 k j/m o l

(Equation 1: Carbon gasification reaction)

It must be noted that steam was fed in excess. The rate of steam injection is 17.8
g/li/gbiomass, which at a 25% bio-char yield would give 71 g/h/gchar- This is a very large
amount compared to the maximum of 10 g/h/gChar used by Chaudhari et al. (2003, 2001). The
flow rate of steam influences the water-gas shift reaction, shown below in Equation 2.

CO + H20 <-» C02 + Hz + 4 1 k]/m o l(Equation 2: Water-gas shift reaction)

The excess steam drives the reaction to the product side producing carbon dioxide and
hydrogen. Evidence of this is shown by Chaudhari et al. (2001) when it was found that a
steam flow rate of 2.5 g/h/gChar in the range of 650 to 700 °C gave an H2/CO ratio of 1.33 and
at a flow rate of 10 g/h/gchar at 800 °C an H2/CO ratio of around 6 was found. Also, since the
water-gas shift reaction is exothermic it is favoured by lower temperatures. Any methane
produced in the reactor reacts with steam as shown below in equation 3.
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CH4 + H20 «-» CO + 3H2 —206k j/m o l (Equation 3: Steam reforming of methane)

The enthalpies of reactions 1, 2 and 3 are from Lv et al. (2007).
The long residence time and large steam flow rate provides the means necessary to
convert and methane into CO and H2 and ultimately to H2 and CO2 after the CO from the
methane steam reforming has reacted in the water-gas shift reaction.
Examples of gas production over time during steam reforming are shown in Figure
2.2. The gas production is high at the beginning of the reaction and tapers off as char is
converted. After about 60 minutes there is minimal gas production and it would not be
recommended to perform steam reforming beyond this point.

Figure 2.2 : Gas production vs. time for biomass pyrolyzed at 550 °C and steam reformed at
700 °C

2.3.1

Effect of Biomass Feedstock
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The gas composition for the steam reforming of the various biomasses is shown in
Figure 2.3. The mole percentage of hydrogen in the gas product ranges from 72 to 47 percent
for the various biomasses. Conversely the mole percentage of carbon dioxide in the gas
product ranges from 28 to 53 percent. When looking specifically at the mole percentage of
hydrogen in the gas product, apple pomace, hemp seeds and tobacco stalk would have the
best results and be the preferred biomasses for this process. However, Figure 2.4 shows the
mass of hydrogen produced per gram of biomass and gram of char. With apple pomace, for
example, the hydrogen production is only 0.0074 grams per gram of pyrolyzed biomass,
which is only higher that the 0.0061grams of hydrogen per gram of biomass from sugar cane.
This indicates that although the product gas has a high proportion of hydrogen, overall, apple
pomace may not be a desirable feedstock due to considerably lower production rates.

Figure 2.3: Composition of gas from char steam reforming
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Figure 2.4: Hydrogen Yield compared to original biomass and char mass

Hemp seeds, tobacco stalk and coffee husk are the best performers when considering
the hydrogen produced per unit mass of biomass. The hydrogen produced from the hemp
seeds, which was 0.0239 grams per gram of biomass pyrolyzed, may be attributed to a large
yield of char. Demirbas (2004) showed for olive husk, com cob and tea waste, that an
increase in particle size leads to an increase in pyrolytic char yields. The increase in char
from hemp seeds would in turn lead to an increase in gas from the subsequent steam
reforming reaction. The size of the hemp seeds do not make them ideal for fast pyrolysis with
the goal of bio-oil production since if char yields are high, bio-oil yields would likely be low.
However, their size and free-flowing nature make them ideal to be slug fed into reactors, and
allow for a large char yield, and ultimately a large hydrogen yield after steam reforming.
Since the hemp seeds do not necessarily require grinding, it makes them even more attractive
for this process since time and energy would not have to be spent on grinding.
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The elemental analysis yielded an interesting trend with respect to the pyrolysis ash
free char yield and the initial carbon content in the biomass. The relationship is shown in
Figure 2.5. The ash free char yield is extremely sensitive to the carbon content of the original
biomass, since the char yield more than triples when the carbon content is increased from 43
to 48%. While high char yield is generally not desirable when producing bio-oil via
pyrolysis, it may lead to higher hydrogen yields after char steam reforming. The ash free char
yield increases significantly with only a small increase in carbon content. This is possible
because char is composed of hydrogen and oxygen, along with carbon.

2

Figure 2.5: Pyrolysis ash free char yields vs. carbon mass % in original biomass (R = 0.90)

The points can be matched with the biomasses in Table 2.2. This trend may be useful
to obtain a rough estimation of char yields for other types of biomass when the elemental
composition is known.
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Table 2.1: Biomass elemental compositions mass % (oxygen calculated by difference)
Carbon

Hydrogen

Nitrogen

Oxygen

Ash

Biomass

(mass%)

(mass%)

(mass%)

(mass%)

(mass%)

Apple Pomace

43.3

6.99

0.48

47.4

1.89

Com Cobs

47.5

7.35

0.69

42.8

1.65

Coffee Husk

45.3

6.33

0.85

45.7

1.96

Dried Distillers Grain

45.8

7.19

4.49

40.5

2.04

Hemp Seeds

48.6

7.16

3.71

39.0

1.62

Birch Sawdust

47.1

6.36

1.97

42.2

2.33

Sugar Cane Plant

45.2

6.14

0.27

45.9

2.45

Tobacco Stalk

46.0

5.79

1.96

49.7

2.52

2.3.2

Effect of Temperature
To observe the effect of temperature, biomass was pyrolyzed at the same temperature,

but the steam reforming temperature was adjusted. Table 2.3 shows the gas composition for
the steam reforming of tobacco stalk and compares the gas production to the initial amount of
biomass pyrolyzed.

Table 2.2: Data for steam reforming of tobacco stalk char at various temperatures and a steam
flow rate of 7.4g/min
h2

C02

H2/Biomass

H2/Char

Temperature °C

(mol %)

(mol %)

(mass %)

(mass

650

69

31

3.42

14.9

675

71

29

2.89

12.6

700

72

28

1.82

7.91

%)
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Figure 2.6 shows the effect of the steam reforming temperature on the mole % of
hydrogen in the gas and on the total moles of hydrogen produced. There is a significant
increase in gas production with a reduction in temperature. Since the char yield from
pyrolysis is the same for all cases, this may be attributed to significant char gasification due
to the increase in temperature under the nitrogen blanket, prior to steam reforming. This gas,
which is produced under a nitrogen blanket, would not a have high hydrogen content since
the water gas shift reaction would not take place. In an industrial setting, this gas could be
burned to help heat up the reactor.

Figure 2.6: Effect of steam reforming temperature of tobacco char on the total moles of
hydrogen produced
Although Figure 2.6 shows that the decrease in steam reforming temperature creates
more hydrogen, Figure 2.7 shows that the purity is slightly compromised going from 72% to
69% when reducing the temperature from 700 °C to 650 °C and this must be taken into
consideration if the carbon dioxide must be removed from the mixture. If the objective is to
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achieve hydrogen rich product gas, a lower steam reforming temperature may not be the best
option.

Figure 2.7: Effect steam reforming temperature of tobacco char on the mol % of hydrogen in
the gas

2.3.3

Effect of Residence Time
The pilot plant reactor is designed in such a way that the volume of the reactor

freeboard may be changed, allowing for the use of different residence times. The reactor
volume was decreased to change the gasification residence time of from 8.3 to 4.2 s, as seen
below in Figure 2.8. Decreasing the vapour residence time in the reactor from 8.3 to 4.2 s
decreased the hydrogen concentration in the gas as well as the mass % of hydrogen produced
from char. These differences suggest that the water gas shift reaction, which happens in the
vapour phase, does not have adequate time to produce the maximum possible amount of
hydrogen. This shows that for char steam reforming, longer residence times should be used to
maximize hydrogen production.
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Figure 2.8: Effect of steam reforming of tobacco char residence time on mole % of hydrogen
in the gas and the hydrogen/char ratio

2.4

Conclusions
The pyrolysis ash free char yield is directly related to the original biomass carbon

composition. A correlation provides a first approximation of the pyrolysis ash free char
yield from the biomass carbon content.
Hydrogen rich gas could be produced in a single stage reactor with the relatively
low steam reforming temperature of 700 °C. Low temperature steam reforming could,
thus, add value to the pyrolytic char.
The steam reforming of apple pomace, com cobs, hemp seeds and tobacco stalk
provided the highest concentration of hydrogen in the product gas at about 71 mol %.
The steam reforming of hemp seeds provided the highest hydrogen yield converting
over 2 wt% of the original biomass into hydrogen. When considering both the hydrogen
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yield and hydrogen concentration in the product gas, hemp seeds proved to be the best
feedstock when performing gasification at 700 °C.
Increasing the steam reforming temperature from 650 to 700 °C increased the
hydrogen concentration in the product stream, but decreased the total production of
hydrogen.
Decreasing the vapour residence time reduced the concentration of hydrogen in
the product gas as well as the hydrogen yield. This indicates that longer residence times
are required for best results.
2.5
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3.1

Chapter 3: Comparison of bio-oils produced from the pyrolysis of corn cobs
with different moisture contents.
Introduction
Biomass pyrolysis is a green process which can produce fuels, fertilizers,

chemicals, reactants for industrial processes and other products. A mobile pyrolysis
system developed by Agri-Therm uses agricultural residues as a feedstock to produce
bio-oil. The gaseous products are burned to provide heat to the reactor, making the
entire process self-sustaining. The liquid product is known as bio-oil or pyrolysis oil.
There is also a solid product produced known as char or bio-char. Bio char may also be
burned to provide heat to the reactor, but it may also be used for other applications such
as a fertilizer. Pyrolysis is a green method of fuel production since no net carbon
dioxide is released to the atmosphere.
In cases where bio-oil is the desired pyrolysis product, as opposed to gas or char,
it may be beneficial to optimize the yield and quality of bio-oil. Depending on the
application of the bio-oil, different qualities may be desired. For example, in the co
refining of bio-oil with traditional crude oil, the pH would be an important factor for the
bio-oil since most current equipment is not designed to operate with low pH fuels. The
equipment that would be used to bum bio-oil directly would be more expensive since it
would have to be fabricated with a corrosion resistant material such as stainless steel,
making the pH of the bio-oil a less important factor. However, in this case, the viscosity
would still have a large impact on the ability of the oil to atomize and subsequently
combust properly. The bio-oil must be preheated to reduce the viscosity before
combustion (Ji-Lu & Yong-Ping, 2010), which is often a problem since many bio-oils
are thermally unstable (Boucher et al., 2000 & Oasmaa, 2005).
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Bio-oil properties may be influenced by the type of biomass pyrolyzed as well as
pyrolysis conditions. Before pyrolysis, most biomasses must be dried since they are
initially in a state of high moisture content. If the biomass is not dried, much of the
water will be vaporized in the reactor and condensed afterwards, decreasing the thermal
efficiency of the process. The biomass drying must either be done naturally or using
drying equipment. The former delays the biomass pyrolysis and the latter may be an
expensive option. Determining the optimal moisture content for a pyrolysis feedstock
would help reduce drying times and increase bio-oil quality.
In 2010 the United States produced over 316 million tonnes of com
(USDA/NASS, 2010). Using assumptions from (Sokhansanj et al, 2002), a 15%
moisture content in the grain and a 1:1 ratio of grains to residue indicates that there is
over 268 million tonnes of dry residue produced per year. Sokhansanj also reports that
20% of the dry residue is com cobs, which is equivalent to 53.7 million tonnes per year.
Since most of the com residue does not typically have a use, it is simply left in the field.
This indicates a great opportunity to take advantage of an agricultural residue to
produce a green fuel.
However, removing residues from fields could have negative impacts as well.
Humberto and Lai, (2007) found significant negative impacts on the soil organic carbon
pool with the removal of 25% of the com stover from a field after 2.5 years. To combat
the decrease of soil quality from removing crop residues from the field, char from
pyrolysis may be returned to the field since pyrolysis char may also be used as both a
nutrient source and for carbon sequestration depending on the pyrolysis feedstock
(Gaskin et al., 2008, Mullen et al., 2010). Gaunt & Lehmann (2008) determined that
char addition in crops can both increase the fertilizer efficiency and reduce runoff
erosion from the field. Adding char produced from the pyrolysis of greenwaste to a
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radish field along with nitrogen fertilizer increased the crop yield by 266% and had
beneficial effects on the soil quality (Chan et al., 2007). The addition of char produced
from the pyrolysis of chicken litter to a radish field increased the crop yield by 96%
without the addition of other fertilizers (Chan et al., 2008). It seems that the negative
impacts of removing crop residues from fields may be offset by reintroducing the char
to the field after pyrolysis.
There have previously been investigations into the pyrolysis of com residue in a
fluidized bed reactor. Mullen at al. (2010) pyrolyzed com cobs and com stover in a
bubbling fluidized bed similar to the one used in this study. They reported a bio-oil
yield of 41 wt% with an HHV of 19.5 kJ/g when pyrolyzing com cobs with a 6.8 wt%
moisture content. The maximum bio-oil yield for com cob pyrolysis in a fluidized bed
that Zhang et al. (2009) observed was 56.8 wt% at 500 °C. The raw com cobs had a
moisture content of 8.6 % and the resulting bio-oil had an HHV of 18.8 kJ/g. Liu et al
(2010) looked at the fast pyrolysis of com stalk in a bench scale fluidized bed reactor.
The com was dried in the sun to a moisture content of 8 %. They determined that the
optimum reactor temperature to maximize the bio-oil yield was 525 °C which
corresponds to a 42 % bio-oil yield. However, the highest bio-oil HHV that they could
obtain was only 9.5 kJ/g.
There have also been investigations into the fixed bed pyrolysis of com cobs. Cao
et al. (2004) used slow pyrolysis in a fixed bed reactor for com cobs below 600 °C with
a heating rate of lOK/min and had bio-oil yields of up to 35 %. Uzun and Sarioglu
(2009) used catalysts (ZSM-5, H-Y and USY) with a tubular fixed bed reactor. They
found that while all of the catalysts increased the gas production and reduced the bio-oil
production, the H-Y catalyst increased the bio-oil HHV from around 29.7 to a
maximum of 36.9 kJ/g. The maximum bio-oil yield observed was 33 % and this was
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obtained at 500 °C without the use of catalysts. Ioannidou et al. (2009) found the
maximum bio-oil yield of around 40 % at a pyrolysis temperature of 500 °C using 5 %
moisture content com cobs in a fixed bed reactor.
Using less popular microwave pyrolysis, Lei et al. (2009) had a maximum bio-oil
yield for com stover of 34 % at 650 °C while employing a long 8 minute residence time.
Yu et al. (2007) also used microwave pyrolysis and obtained bio-oil from com stover
with a maximum HHV of 17.5 kJ/g.
None of the previous studies on com cobs or com stover have addressed the
effects of different initial biomass moisture contents, and there has been minimal
research performed on the effects of initial moisture content on the pyrolysis of any
biomass. It may be beneficial to observe these effects. For example, if there are benefits
to having a higher initial moisture content, pyrolysis could be performed before the cobs
dry too much, and if there are benefits to having drier cobs, the cobs could be further
dried before pyrolysis.

3.2

Experimental
Com cobs were picked up from a field in London, Ontario, Canada after being

harvested by a combine. The com cobs for pyrolysis were placed in a tunnel dryer at
105 °C for 24 hours to dry to 0 % moisture, from their initial moisture content of around
50%. After the cobs were dried, they were ground. After grinding, water was added
back to the dry cobs to create samples with 4 different moisture contents: 0, 5, 10 and
15 wt% by mass on a dry basis. These cob samples were then used for pyrolysis.
The reactor used for pyrolysis was a 7.62 cm diameter fluidized bed equipped
with a perforated plate distributor. The fluidized medium was silica sand with a Sauter
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mean diameter of 204 pm. The bed was fluidized with Nitrogen to the bubbling regime
and the Nitrogen flow was adjusted to give a 3 s vapor residence time. The reactor was
externally heated with electric band heaters positioned along the length of the reactor
and fiberglass insulation was used to reduce heat losses.
For each run, a slug feeder injected a total of 200 g of ground com cob at a flow
rate of 6 kg/hour into the reactor (fluidized bed). The slug feeder is very similar to the
one used by Berruti et al. (2009). The reactor temperatures used for pyrolysis were
chosen to be 400,450, 500, and 550 °C.
The bio-oil vapors exiting the reactor were condensed in an aluminum condenser
submerged in 4 °C water. An electrostatic precipitator (ESP) recovered the oil vapor
which escaped from the condenser similar to the system shown by Bedmutha et al.
(2009). The non condensable gases were then sent to a vent. Non-condensable gas
samples were collected in a Tedlar® gas sampling bag, and analyzed in a Varian CP4900 Micro Gas Chromatograph fitted with 2 columns. The char yield was measured
using a pressure transducer to measure the change in bed pressure drop that is directly
related to the bed mass (a hot filter was used to prevent any solids from exiting the
reactor and the change in bed mass is due to char production). A diagram of the reactor
system is shown in Figure 3.1.
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Figure 3.1: Bubbling bed reactor configuration used for pyrolysis.
After pyrolysis, the bio-oil water content, high heating value (HHV), pH and
viscosity were measured. The water content was measured using a Mettler Toledo V20
Volumetric Karl Fischer Titrator. The HHV was measured with an IKA C200 bomb
calorimeter. The pH was measured with an Omega PHH-5012 pH meter and the
viscosity was measured with a Brookfield DV-II+ PRO viscometer.
The grinding data was obtained using an IKA Werke model MF10 basic
microfine grinder operating at 4500 RPM with a 1 mm screen through which the cob
fragments had to pass. A Watt’s Up PRO wattmeter was use to acquire the grinding
energy data. The grinder power consumption was continuously acquired from the meter
and sent to a computer. 15 g com cob samples were added to the grinder for each
measurement. After the grinding was complete, data acquisition was stopped. The
grinding was deemed complete when the instantaneous power consumption of the
grinder returned to the steady state power consumption of the empty grinder. To get the
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actual com cob grinding energy, the total power consumption was integrated after
subtracting the steady state power consumption of the empty grinder.

3.3

Results and Discussion
The grinding energy of com cobs follows a trend of increasing grinding energy

with increased biomass moisture content and is shown in Figure 3.2. For the conditions
investigated, the grinding energy increased by a maximum of 30% when comparing
cobs ground at 0% and 15% moisture content. This indicates that in order to save the
most energy while grinding com cobs (or other biomasses) the biomass should have as
little moisture present as possible. A curve was fit to the points to a very high accuracy.
The equation is shown below.

E = —406.8exp~M + 21.82M + 2869

(Equation 1)

Where E is the grinding energy in J/g and M is the moisture content %.
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Figure 3.2: Grinding energy of com cobs at different moisture contents
3.3.1

Product Yields
Figure 3.3 shows the bio-oil yield for all pyrolysis and biomass conditions,

calculated from the ratio of the mass of recovered bio-oil to the mass of wet biomass.
The pyrolysis carried out at 450 °C had the highest bio-oil yield of all pyrolysis
temperatures, followed by 500, 550 and 400 °C. For all pyrolysis temperatures, with the
exception of 400 °C, bio-oil production was minimized for a biomass moisture of about
5%. For all moisture contents, the maximum yield was obtained at a pyrolysis
temperature of 450 °C. The 15 % moisture content gave the highest bio-oil yields for all
pyrolysis temperatures: this is understandable as the water that was evaporated from the
wet biomass was recovered and included as part of the bio-oil. The maximum bio-oil
yield of 56 % was obtained at 450 °C and 15% moisture content.
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Figure 3.3: Total bio-oil yield from pyrolysis at different temperatures
The pyrolysis gas yields are shown in Figure 3.4. The gas yield increased with
pyrolysis temperature for all moistures, but mostly decreased with increasing moisture
content at all temperatures.
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Figure 3.4: Total gas yield for different pyrolysis temperatures
The pyrolysis char yields generally decreased with moisture content and
pyrolysis temperature, seen below in Figure 3.5. With increasing pyrolysis temperature,
more biomass is able to volatize during pyrolysis, leaving a less char in the bed.
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Figure 3.5: Total char yield for different pyrolysis temperatures
Figure 3.6 shows bio-oil yield on a dry biomass equivalent scale, using the ratio
of the mass of produced bio-oil to the mass of dry biomass. It showcases the increase in
bio-oil production that is possible to achieve with the same amount of dry biomass. This
would be beneficial in a case where the sole objective of bio-oil production is to
maximize yields while considering a finite amount of biomass. Interestingly, the
increase in bio-oil yield with moisture content can be less than would be expected if
water was just carried through the equipment without any chemical interactions; for
example, for 450 °C, the bio-oil yield goes from 51 to 56 % when the biomass moisture
goes from 0 to 10%, while if the water was just carried through, the yield would have
increased to 61%. A question is whether these chemical interactions improved the
quality of the bio-oil.
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Figure 3.6: Total bio-oil yield from pyrolysis (dry biomass equivalent injected) for
different pyrolysis temperatures
The gas yield on a dry biomass scale is shown in Figure 3.7. It is similar to Figure
3.4 except that the gas yields do not decrease significantly for the 10 and 15% moisture
content biomass. When considering the dry biomass scale, gas production remains
relatively stable over the different biomass moisture contents (there is not significant
fluctuation of gas production between moisture contents).
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Figure 3.7: Total gas yield from pyrolysis (dry biomass equivalent injected) for different
pyrolysis temperatures
Figure 3.8 below shows the char yield on a dry biomass basis. With the exception
of 400 °C pyrolysis, the char yield was relatively stable when considering the biomass
moisture content. The char yield did not fluctuate more than 3% indicating char
production is not greatly affected from biomass moisture content, although, overall,
increasing the biomass moisture seems to promote char formation. The highest char
production was seen at 400 °C pyrolysis, and the minimum char production was seen at
550 °C for all biomass moisture contents.
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Figure 3.8: Total char yield from pyrolysis (dry biomass equivalent injected) for
different pyrolysis temperatures
The ratio of oily phase/aqueous phase (shown in Figure 3.9) ranged from 0.45 to
0.26 which is reasonable considering a range of 0.5-0.3 reported by Venderbosch and
Prins (2009). The higher pyrolysis temperatures created the highest ratios while the
lowest temperatures produced a significantly lower ratio. This indicates that the
decrease in the proportion of the oily phase of the bio-oil for the pyrolysis temperatures
of 500 and 550 °C can be partially attributed to the water content in the oily phase
decreasing as shown in Figure 3.11. The high biomass moisture contents seem to
facilitate better phase separation at the higher pyrolysis temperatures, allowing a higher
proportion of the water to be collected in the aqueous phase. The decrease in the ratio is
also attributed to the extra water entering with the biomass being collected in the
aqueous phase instead of the oily phase.
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Figure 3.9: Oily phase/aqueous phase of total bio-oil produced for different pyrolysis
temperatures
The water produced during pyrolysis (i.e. the pyrolytic water) is shown in figure
3.10. For the purpose of the determination of the pyrolytic water, the aqueous phase was
assumed to be pure water since there are very little organic compounds in the aqueous
phase (Sinag et al., 2011). It is interesting to see that in almost all cases, the pyrolytic
water decreases with increasing biomass moisture content. This suggests that there is a
water-hydrocarbon chemical equilibrium in the system. For example, if there is a certain
amount of water-soluble compounds produced, only a certain amount of water is
required to dissolve them. After the required amount of water is produced, the pyrolytic
water production is inhibited. As the initial moisture content in the system increases
(due to increasing biomass moisture), it reduces the formation of pyrolytic water.
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Figure 3.10: Pyrolytic water yields for different pyrolysis temperatures
3.3.2

Bio-oil Characteristics
Figure 3.11 shows the water content in the oily phase of bio-oil vs. moisture

content in the biomass. In general, the water content in the oily phase of the bio-oil
increased with biomass moisture content for the lower pyrolysis temperatures and
decreased with biomass moisture content for the higher pyrolysis temperatures. The
higher pyrolysis temperatures must facilitate better phase separation between the
aqueous and oily phases, and thus reduce the amount of water in the oily phase.
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Figure 3.11: Water content of the oily phase of the bio-oil for different pyrolysis
temperatures
The water content in the oil is directly related to the higher heating value (HHV)
of the bio-oils which are shown in Figure 3.12. For the low pyrolysis temperatures, the
F1HV of the bio-oils decreased with increasing biomass moisture content, as the water
content of the bio-oil was increasing. For the high pyrolysis temperatures, the HHV
increases with increasing biomass moisture content since the bio-oil water content is
decreasing. Although the yields of oily phase decrease with increased moisture content,
its HHV is increasing.
At 0% moisture content there was not much variation between HHVs, with 3 of 4
pyrolysis temperatures having similar values. The conclusion can be drawn that if a
high energy oily phase is desired, the biomass should not be completely dried since
having moisture in the biomass allows for increased oily phase energy content, by
helping drive water from the oily phase of the bio-oil. The HHV of the aqueous phase

48
was not measured since its water content is very high and its HHV is typically very low,
below 1.2 kJ/g (Yu et al., 2007; Boucher et al., 2000)
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Figure 3.12: HHV of the oily phase of the bio-oil for different pyrolysis temperatures
When considering a finite amount of available biomass, the energy in the bio-oil
as compared to the energy in the original biomass is important. It would be essential to
maximize the total energy yield contained in the bio-oil. Figure 3.13 shows the
percentage of the original biomass energy which is contained in the bio-oil after
pyrolysis. Figure 3.13 shows that any moisture content from 5 to 15% and a high
pyrolysis temperature would be acceptable for retaining the most energy within the bio
oil. This range of biomass and reaction conditions allows for some optimization of bio
oil qualities while still maintaining a high energy yield in the bio-oil. The maximum
percentage of original biomass energy contained in the bio-oil is 25% when performing
pyrolysis at 550 °C using 5% moisture content cobs.
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Figure 3.13: Percentage of energy in bio-oil that was contained in the raw biomass
The pH of the oily phase decreased with increasing biomass moisture content as
shown in Figure 3.14. This indicates that higher moisture content in the biomass
facilitates either the production of more acidic compounds or drives less acidic
compound to the aqueous phase. Here again, 550 °C seems the most attractive pyrolysis
temperature, since it results in a less acidic oily phase.
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Figure 3.14: pH of the oily phase of the bio-oil for different pyrolysis temperatures
Figure 3.15 shows that the viscosity of all of the bio-oils increased with
increasing biomass moisture content. The viscosity also increased with pyrolysis
temperature. The oils produced at the highest pyrolysis temperatures had the greatest
viscosity increase with respect to biomass moisture content. This increase in viscosity is
a symptom of having a good phase separation since having less water in the oily phase
would increase the viscosity. This is a drawback if the bio-oil is intended to be used in a
conventional engine or burner where a high viscosity is not desirable. However, it is
still beneficial to have good phase separation since the oil may be diluted with a
specifically selected material to reduce its viscosity. Boucher et al. (2000) determined
that the addition of methanol had beneficial effects and decreased viscosity while
decreasing the HHV much less than the addition of water of some of the aqueous phase.
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Figure 3.15: Viscosity of the oily phase of the bio-oil for different pyrolysis
temperatures
3.4

Conclusions
The initial com cob moisture affected the yield of pyrolytic water. This suggests

that there is a water-hydrocarbon chemical equilibrium in the system. As the initial
moisture content in the system increases (due to increasing biomass moisture), it slows
down the formation of pyrolytic water.
The initial com cob moisture has a great impact on the biomass grinding energy
and the yields and characteristics of the resulting bio-oil:
•

Drying the cobs and reducing the moisture from 15 to 0 % decreased the
required grinding energy by 30%.

•

The produced bio-oil was a two phase mixture with a smaller energy-rich
oily phase and a larger energy-poor aqueous phase for all conditions.
Increasing the biomass moisture improves the water segregation in the
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product bio-oil, improving the oily phase properties by reducing its water
content, increasing its heating value and reducing its acidity.
•

The maximum fraction of the original com cob energy which was
recovered in the oily phase of the bio-oil was 25% using 5% moisture
content com cobs and 550 °C pyrolysis.
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Chapter 4: Comparison of bio-oils produced from the pyrolysis of torrefied
corn cobs

4.1 Introduction
Biomass pyrolysis is a green process which may be used to produce fuels, food
additives, chemicals, fertilizers and reactants for other established processes. The
process of pyrolysis is the thermochemical conversion of biomass in the absence of
oxygen into 3 phases: a dark brown liquid, a gas, and a solid black char product
(Bridgwater et al., 1999). Char is a solid, carbon-rich phase, which may be used as a
fertilizer or burned to provide energy. The gas phase, which includes light
hydrocarbons, carbon monoxide, carbon dioxide, methane and hydrogen, may be
burned to provide heat to the pyrolysis process. The liquid product, the focus of this
work, is known as bio-oil. The bio-oil is either produced as a single phase or a 2 phase
mixture. In the case of a 2-phase mixture there is a carbohydrate-rich aqueous phase and
a hydrocarbon-rich oily phase. The oily phase is much more suitable as a fuel than the
aqueous phase since its High Heating Value (HHV) is much higher. For the aqueous
phase, Yu et al. (2007) report a High Heating Value of 1.2MJ/kg and Boucher et al.
(2010) report 84% water content, indicating a very low heating value that is not suitable
for use as a fuel. The heating value and other bio-oil properties (water content, pH,
viscosity) are all affected by the choice of feedstock and the pyrolysis conditions.
Hence, it is likely that biomass pre-treatments will also affect the bio-oil yields and
characteristics.
Com cobs are an agricultural field residue associated with com production,
which means they are a non-edible product associated with com production. By using
the cobs (and also the leaves and stalks known as stover) for bio-oil production it does
not compete with food production like processes such as producing ethanol from com.
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There were around 54 million tonnes of dry com cob residue produced in the United
States alone in 2010 (USDA/NASS, 2010 & Sokhansanj et al, 2002).
Chapter 2 showed that the bulk of the bio-oil produced from com cobs was an
aqueous phase with a low heating value. It, therefore, seemed interesting to investigate a
biomass pre-treatment process that could potentially lead to a more energy-rich bio-oil,
which would be a more attractive alternative to traditional fossil fuels. The pre
treatment process that was investigated is known as torréfaction, and a literature search
has yielded no other research that has considered torréfaction as a pre-treatment for fast
pyrolysis.
Torréfaction is essentially low-temperature pyrolysis that is carried out at
temperatures ranging from 220 °C to 320 °C (Prins et al., 2006a, b) or from 200 °C to
300 °C (Uslu et al., 2008). The process is carried out in an oxygen-free atmosphere
where components are not able to combust, but lighter components are able to volatize.
Torréfaction creates a gaseous product which contains around 10% of the biomass
energy (Bergman et al., 2005a), and an insignificant amount of liquid product, giving a
high yield of solid product. The torréfaction process is used to modify the biomass
characteristics and increase its energy density. Generally, increasing the torréfaction
temperature of biomass increases its weight loss and Nimlos et al. (2003) reported that
the torréfaction temperature has a more profound effect on torréfaction weight loss than
torréfaction time. A diagram of the current torréfaction process used at the Energy
Research Centre of The Netherlands (ECN), for research into co-firing coal with
torrefied biomass is shown below in Figure 4.1. It is a 2-step process in which the
biomass is first dried before it is torrefied. The process is intended to bum the
torréfaction gases to provide heat to both the torréfaction reactor and dryer and provide
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an inert atmosphere. Using this method, supplementary fuel consumption for heating
the reactor and the dryer is kept to a minimum.

Biomass

Figure 4.1 : ECN torréfaction process (adapted from Bergman et al, 2005b)
A very important benefit of biomass torréfaction is that it decreases the biomass
moisture content and increases its specific energy. Sridar et al. (2007) reported an
increase in specific energy of 20% for torrefied bamboo. Pimchuai et al. (2010)
observed a maximum of 40% increase in bagasse HHV when compared to non-torrefied
bagasse. An HHV increase of 10% after torréfaction at 250°C was reported by
Rodrigues & Rousset (2009) in the case of torrefied eucalyptus wood and a 27%
increase in specific energy with a 35% weight loss was observed by Almeida et al.
(2010) after torréfaction at 280°C. Arias et al. (2008) had similar results with eucalyptus
wood. Bridgeman et al. (2008) saw similar results with canary grass, wheat straw and
willow. It is clear that mass and energy changes vary significantly for different
biomasses, and it is difficult to generalize torréfaction results. However, Bergman et al
(2005a) reported that a typical torrefied biomass will retain around 70% of the original
mass, while maintaining 90% of the original biomass energy.
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An added benefit of biomass torréfaction is that the biomass becomes much
more brittle after torréfaction. Since most biomass is not naturally small or uniform, it
must be ground for many applications, and the brittle biomass makes grinding a much
less energy intensive process. Repellin et al. (2010) report that for beech and spruce
wood, after torréfaction and an anhydrous weight loss of 28%, grinding energy
requirements are reduced by 93%. Bergman et al. (2004) reported that grinding torrefied
wood instead of fresh wood reduces grinding electricity requirements by 50-85%.
After biomass has been torrefied, it becomes slightly hydrophobic and will no
longer absorb moisture to the same extent as untreated biomass. Felfi et al. (2005)
reported up to a 73% reduction in equilibrium moisture content. This reduction in
equilibrium moisture content allows the biomass to be stored outdoors in the elements
without the risk of rotting or becoming moist; as coal. This would be beneficial to coalfired electricity generating stations that are switching to co-fired or pure biomass. Deng
et al. (2009) consider torrefied biomass for co-gasification with traditional coal and
determine that torréfaction is a promising method for agricultural residues to be
combined in the process, but they do not consider the transportation costs that would
result from its implementation on a large scale. Beech wood torrefied between 250°C
and 300°C was also found to reduce thermodynamic losses in the gasification process,
when compared to the fresh beech wood. Oxygen is removed from the wood in the
torréfaction process, which inhibits over-oxidation during gasification (Prins et al,
2006c).
Although torréfaction increases the energy density of biomass by around 20%,
the transportation costs would still be very high compared to a liquid product. On the
other hand, pyrolysis of com residues to liquid bio-oil increases the energy density by
20-32 times (Mullen et al., 2010). Ji-Lu (2008) reported an energy density of 23.9GJ/m3
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for bio-oil produced from maize stalk, which is significantly higher than the energy
density of 0.7-1.4GJ/ m3 for untreated com stover that Mullen et al. reported.
The low moisture content and increased energy density from torrefied biomass
may contribute to better bio-oil yields and qualities after pyrolysis. The reduction in
grinding energy after torréfaction and before pyrolysis would also be beneficial.

4.2

Experimental
Com cobs were picked up from a field in London, Ontario, Canada after being

harvested by a combine. The cobs were placed in a batch torréfaction reactor able to
process around 1 kg of untreated cobs/hour. The cobs were heated with nitrogen until
they reached the desired temperature. At this point the heating was discontinued and the
cobs were cooled under nitrogen. When the equipment has sufficiently cooled down, the
torrefied cobs were removed and stored in air-tight bags.
The set-up of the torréfaction reactor is shown in Figure 4.2. It has 2 concentric
pipes. The main body consists of a 4 inch (0.1 m) pipe inside of a 6 inch (0.15 m) pipe.
To reduce heat losses, all exposed surfaces of the reactor were well insulated using 2
inch (50 mm) thick wool insulation. The com cobs were packed randomly in the 4 inch
(0.1 m) pipe. The capacity was around 1 kg of raw com cobs. The hot nitrogen, around
5 degrees higher than the desired torréfaction temperature, enters the bottom of the pipe
full of cobs and rises through the cobs, heating them. Once the nitrogen has passed
through all of the cobs, it passes through holes in the side of inner pipe and enters the
annular region between the two pipes. The nitrogen then flows down the annular region
to the bottom of the unit and subsequently exits the reactor and goes to a vent. The
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annular region reduces heat losses from the inner pipe, ensuring uniformity within the
reactor.
This system was designed to have the cobs in direct contact with the nitrogen gas,
which is the heating source. Another option would have been to electrically heat an inert
vessel containing the cobs. This system would heat the cobs through conduction and
would have torrefied the cobs unequally. By using hot gas as the heat source, the cobs
are all torrefied uniformly. Since the reactor had significant mass, the reactions took
around 3 hours to complete because the entire reactor had to reach the desired
torréfaction temperature as well. The lengthy reaction time also ensured that each com
cob was torrefied uniformly since there was adequate time for heat to penetrate to the
innermost area of the cobs and effectively eliminated temperature gradients.
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Figure 4.2: Torréfaction reactor configuration
The torrefied cobs were subsequently ground in an IKA Werke model MF 10 basic
microfine grinder running at 4500 RPM. The ground cobs had to pass through a 1 mm
screen before exiting the grinder. The grinding energy data was recorded using a Watt’s
Up PRO power meter. The grinder plugs in to the meter which then plugs into the wall.

61
The instantaneous power consumption was acquired via USB into a computer. 15 g
samples of biomass were added to the grinder. After the grinding was complete, the data
acquisition was stopped. Grinding was deemed complete when the instantaneous power
consumption returned to the steady state value for the grinder. To obtain the actual
grinding energy from the data, the total power was integrated and the power
consumption of the empty grinder was subtracted.
The reactor used for pyrolysis was a 7.62 cm (3 inch) diameter fluidized bed
equipped with a perforated plate distributor. The fluidized medium was silica sand with
a Sauter mean diameter of 204 pm. The bed was fluidized with Nitrogen to the bubbling
regime to maintain vigorous mixing and heat transfer. Nitrogen flow was adjusted to
provide a 4.5 second vapor residence time. The reactor was externally heated with
electric band heaters positioned along the length of the reactor and fiberglass insulation
was used to reduce heat losses.
A slug feeder injected 200 g samples of ground torrefied com cob at a flow rate
of 6 kg/hour into the dense phase (fluidized bed) of the reactor. The slug feeder is
similar to the feeder used by Berruti et al. (2009). The reactor temperatures used were
400, 450, 500, and 550 °C. The torrefaction temperatures of the com cobs used were
240, 260, 280 and 300 °C.
The bio-oil vapors were condensed in an aluminum condenser submerged in 4
°C water after the pyrolysis gases exited the reactor through an insulated line. An
electrostatic precipitator (ESP) recovered the oil mist exiting the condenser. After the
ESP, the non-condensable gasses are sent to a vent. Non-condensable gas samples were
collected in a Tedlar® gas sampling bag, and analyzed in a Varian CP-4900 Micro Gas
Chromatograph utilizing 2 columns. The char yield was measured using a pressure
transducer across the fluidized bed to measure the change in bed pressure drop, which is
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directly related to bed mass (a hot filter prevented any solids from exiting the reactor).
The reactor configuration is shown in Figure 4.3.

Figure 4.3: Bubbling bed reactor configuration used for pyrolysis
After the bio-oils were collected they were subsequently analyzed for water
content, higher heating value (HHV), pH and viscosity. For water content analysis, a
Mettler Toledo V20 Volumetric Karl Fischer Titrator was used. The HHV value was
obtained using an IKA C200 bomb calorimeter. The pH was read from an Omega PHH5012 pH meter. The viscosity was determined using a Brookfield DV-II+ PRO
viscometer.

4.3

Results and Discussion
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After the cobs were torrefied, the HHV was measured. Figure 4.4 shows that the
HHV increased from 15415 to 18455 J/g when performing torréfaction at a temperature
of 300°C. The increase in HHV was also met with a weight loss of just over 31%. The
HHV increase and biomass weight loss only results in a net energy loss of 10% (where
the net energy is the total amount of energy contained in the biomass). The weight loss
is closely related to the HHV increase, which indicates that moisture and light
hydrocarbons are being removed during torréfaction, leaving the larger compounds with
a higher energy content.
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Figure 4.4: HHV, weight loss % and net energy loss % for com cobs at different
torréfaction temperatures
The required grinding energy of the cobs is shown in Figure 4.5. The grinding
energy decreases with cob torréfaction temperature. Interestingly, there is a 69% drop in
grinding energy when the torréfaction temperature is increased from 240°C to 260°C.
The drop in grinding energy from 260°C to 300°C is much smaller, at 19%. This data
indicates that from a purely grinding energy standpoint, it may not be beneficial to
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torrefy the cobs past 260°C since the energy required to torrefy the cobs further will
outweigh the reduction in grinding energy. The equation of the straight portion of the
line (from 240°C to 300°C) is shown below as Equation 1.

E = —3.IT + 1431.85

(Equation 1)

Where E is the grinding energy in J/g and T is the torréfaction temperature in °C.
This equation is not valid for torréfaction temperatures less than 260°C.

Figure 4.5: Grinding energy of cobs after torréfaction
A proximate analysis was also performed on the torrefied com cobs using the
ASTM E872 standard for volatile matter. Figure 4.6 shows that both the moisture and
volatiles decreased with increasing torréfaction temperature. The percentage of fixed
carbon and ash increased with torréfaction temperature. The most dramatic increase was
the percentage of fixed carbon which increased from 9.1% with no treatment to 24.2%
after torréfaction at 300°C.
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Figure 4.6: Proximate analysis of com cobs after torréfaction
4.3.1

Product Yields

Figure 4.7 shows the bio-oil yields of all torréfaction and pyrolysis
temperatures. The highest bio-oil yield of 51.75% was achieved with com cobs torrefied
at 260°C and pyrolyzed at 450°C. The pyrolysis temperatures of 450 and 500°C. yielded
the highest amounts of bio-oil while 400 and 550°C temperatures yielded less for all
torréfaction conditions. This indicates that for maximum bio-oil production from
torrefied biomass it may not be necessary to torrefy to the highest possible temperature
since for com cobs, the maximum yield was found at 260°C.

66

233

240

350

260

27T>

ISO

290

300

310

Torréfaction Temperature (aC)
Figure 4.7: Total bio-oil yield for different pyrolysis temperatures
As is typical for pyrolysis, the gas yield increased with pyrolysis temperature as
is shown in Figure 4.8. A pyrolysis temperature of 400°C produced the lowest gas yield
and a pyrolysis temperature of 550°C produced the highest gas yield for all torréfaction
temperatures. With respect to the com cobs, the gas yield decreased with increasing
torréfaction temperature. This seems logical since that in the torréfaction process when
the temperature is increased, additional volatiles are evacuated from the biomass
leaving a higher proportion of fixed carbon and ash remaining (Figure 4.6). The highest
gas yield (at 550°C pyrolysis and 240 °C torréfaction) was 34g and the lowest gas yield
(at 400 °C pyrolysis and 300 °C torréfaction) was only 5.9g.
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Figure 4.8: Total gas yield for different pyrolysis temperatures
The char yields from pyrolysis are shown in Figure 4.9. The char yields decrease
with increasing pyrolysis temperature. At higher pyrolysis temperatures, more torrefied
biomass is able to volatize, leaving less char in the bed. The char yield generally
increased with increasing torréfaction temperature. At higher torréfaction temperatures,
more of the volatiles are lost from the biomass, leaving a higher proportion of fixed
carbon and ash in the biomass. The highest char yield was 13 Ig (at 400°C pyrolysis,
300°C torréfaction), and the lowest char yield was 69.5g (at 550°C pyrolysis, 260°C
torréfaction).
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Figure 4.9: Char yield for different pyrolysis temperatures
The ratio of bio-oil collected in the ESP to the bio-oil collected in the condenser is
shown in Figure 4.10. Although the oils are collected by different means, they are
perfectly miscible and form a single oily phase containing water, instead of one waterrich phase and one oily phase. Generally, most of the easier-to-condense water is
removed in the condenser, and less water is removed in the ESP. Hence a higher
ESP/condenser bio-oil ratio is a good indication of the relative HHVs of bio-oils. A
higher proportion of bio-oil containing less water will likely have a higher overall HHV
than a bio-oil with a lower proportion.
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Figure 4.10: ESP bio-oil/condenser bio-oil for different pyrolysis temperatures (g/g)

4.3.2

Bio-oil Characteristics

Figure 4.11 shows the water content of the bio-oil, obtained by mixing the
condenser and ESP liquids. It is important to note that although it is not shown, both the
condenser and ESP bio-oils had the same trend of having decreasing water content with
increasing pyrolysis and torrefaction temperatures. The water content decreased with
increasing torrefaction and pyrolysis temperatures.
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Figure 4.11: Bio-oil water content for different pyrolysis temperatures
Figure 4.12 shows the HHV for the bio-oil. It can be seen that the HHV is
directly realted to the water content. Similarly to the bio-oil water content, the higher
the torréfaction and pyrolysis temperatures are, the higher the HHV will be. By
combining torréfaction and pyrolysis, a bio-oil HHV higher than 20000 J/g can be
achieved.
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Figure 4.12: Total bio-oil HHV (ESP + condenser) for different pyrolysis temperatures
Figure 4.13 shows the total bio-oil energy yield per kg of torrefied biomass. The
highest total bio-oil energy was nearly 8000kJ/kg of torrefied biomass (at 500°C
pyrolysis, 260°C torrefaction). This is much higher than the total energies observed
without torrefaction as a pre-treatment to pyrolysis, where there was a maximum of
3550 kJ/kg of biomass. The lowest total energy was 3100 kJ/kg of torrefied biomass
observed when pyrolyzing at 400°C and torrefaction at 300°C. This is the only
condition where there was more energy in the bio-oil when torrefaction pre-treatment
was not used. The reason these energy yields are so high is due to having high HHV
values in both the condenser and ESP bio-oil and not distinct oily and aqueous phases.
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Figure 4.13: Bio-oil energy yield per kg of torrefied cob for different pyrolysis
temperatures
The maximum energy contained within the bio-oil is not the only thing that must
be considered. When considering a finite amount of biomass, the fraction of original
energy contained in the biomass to the energy in the bio-oil is important. For example,
one may want to maximize the total energy production from a field of biomass residue
instead of producing the highest energy bio-oil. Figure 4.14 shows the percentage of the
original (raw) com cob energy which is contained in the bio-oil after the biomass has
been torrefied and subsequently pyrolyzed. Although it has similar trends to Figure 4.13
there are some distinct differences. Figure 4.14 indicates that the best conditions to get
maximum energy yield are using a torréfaction temperature of 260°C with pyrolysis
temperatures of 450 and 500°. Figure 4.13 indicates that the higher torréfaction
temperatures would be good to maximize energy content, but this is not the case when
considering a finite amount of biomass. Figure 4.14 clearly shows that for all pyrolysis
temperatures, the best torréfaction temperature to use is 260°C to get the highest yield
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of energy. The maximum fraction of the energy contained in the original biomass that is
recovered with the bio-oil is 46.3% using torréfaction at 260°C and 500°C pyrolysis.
This value is around double the maximum of 23% found without torréfaction (Chapter
3).

Figure 4.14: Percentage of energy in bio-oil that was contained in the raw biomass
The pH of the bio-oil is shown in figure 4.15. The overall bio-oil pH was
calculated using the individual pH values from the condenser and ESP bio-oils. For both
cases the pH increased with pyrolysis temperature, and torréfaction temperature. It
should be noted that all of the original pH values are from 2-3.
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Figure 4.15: Overall bio-oil pH at different pyrolysis temperatures
The viscosities of the condenser and ESP bio-oils are shown in Figures 4.16 and
4.17 respectively. For all conditions, the viscosity of the condenser bio-oil is less than
that of its respective ESP bio-oil. For both bio-oils, the viscosity decreased with
increasing pyrolysis temperatures. Since the water content of the bio-oils also decreased
with increasing pyrolysis temperatures, we can deduce that there are factors other than
water which have a heavy influence on the viscosity. For condenser bio-oil, the
viscosity decreased with increasing torrefaction temperature. For ESP bio-oil the
viscosity increased with increasing torrefaction temperature. The overall bio-oil
viscosity will be between the condenser and ESP bio-oils, and likely closer to the
condenser bio-oil viscosity since the ESP/condenser bio-oil ratio is generally low,
ranging from 0.18-0.33 (Figure 4.9).
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Figure 4.16: Condenser bio-oil viscosity at different pyrolysis temperatures

Figure 4.17: ESP bio-oil viscosity at different pyrolysis temperatures

4.4

Conclusions
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Torréfaction seems promising as a pyrolysis pre-treatment for producing bio-oil
as a fuel. Torréfaction reduced the grinding energy of com cobs by up to 84% and
increased the HHV of the cobs almost 20%. A very interesting effect of torréfaction pre
treatment is that after pyrolysis, the bio-oil is a single phase mixture instead of a twophase mixture when using non-torrefied cobs. Since the entire single phase mixture has
a reasonable HHV, the energy contained within the bio-oil is much higher than having a
distinct aqueous phase as in Chapter 3.The maximum bio-oil yield of 103.5g (52%) was
achieved by torrefying com cobs at 260°C and pyrolyzing them at 450°C. This is
comparable to the 56% yield achieved without using a torréfaction pre-treatment. The
maximum bio-oil HHV of 20.35 kJ/g was obtained by torrefying com cobs at 300°C
and pyrolyzing them at 550°C. The maximum bio-oil HHV when not using torréfaction
pre-treatment was 25.4 kJ/g. However, the maximum fraction of the original cob energy
that was contained in the bio-oil was 46.3% using 260°C torréfaction and 500°C
pyrolysis. This is much higher than the 25% observed without using torréfaction.
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Chapter 5: Conclusions

Pyrolysis, a green method for fuel production, is a promising technology, but still
requires more investigation and optimization to make it more feasible as a potential
element in fossil fuel replacement.
The steam reforming of the pyrolytic chars was investigated for different
biomasses. A hydrogen-rich product gas was produced for the chars produced from
most biomasses. A strong correlation between the elemental carbon in the original
biomass and the char production was also observed.
Drying as a pre-treatment to pyrolysis was investigated for com cobs. This
process produced a two-phase bio-oil having a distinct energy-rich oily phase and a
water-rich aqueous phase. Optimum biomass moisture contents and pyrolysis
temperatures were found for certain bio-oil characteristics as well as the bio-oil yield
and bio-oil energy yield.
Torrefaction as a pre-treatment to pyrolysis was also investigated for com cobs.
With this pre-treatment, the bio-oil was single phase. Optimum torrefaction
temperatures and pyrolysis temperatures were determined for certain bio-oil
characteristics as well as the bio-oil yield and bio-oil energy yield. Torrefaction pre
treatment resulted in the highest amount of original biomass energy contained in the
bio-oil and also required the least amount of energy for biomass grinding. Torrefaction
as a pre-treatment is recommended if the relatively low grade energy required for
torrefaction is available at minimal cost.

5.1

Recommendations for Future Work
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•

Perform similar experiments with biomass moisture content to determine the
bio-oil energy yields and characteristics for a variety of different biomasses. It
would be interesting to see if the effect of moisture is the same for all biomasses
and to propose general correlations to optimize bio-oil energy yields and
characteristics.

•

Perform similar experiments with torréfaction temperature to determine bio-oil
energy yields and characteristics for a variety of different biomasses. It would be
interesting to see if the effect of torréfaction temperature is the same for other
biomasses and to propose general correlations to optimize bio-oil energy yields
and characteristics.

